A possible peripherin involvement in ALS pathogenesis has been suggested based on studies with transgenic mouse overexpressors and with a toxic splicing variant of the mouse peripherin gene. However, the existence of peripherin gene mutations in human ALS has not yet been documented. Therefore, we screened for sequence variants of the peripherin gene (PRPH) in a cohort of ALS patients including familial and sporadic cases. We identified 18 polymorphic variants of PRPH detected in both ALS and age-matched control populations. Two additional PRPH variants were discovered in ALS cases but not in 380 control individuals. One variant consisted of a nucleotide insertion in intron 8 (PRPH IVS8 ؊ 36insA ), whereas the other one consisted of a 1-bp deletion within exon 1 (PRPH 228delC ), predicting a truncated peripherin species of 85 amino acids. Remarkably, expression of this frameshift peripherin mutant in SW13 cells resulted in disruption of neurofilament network assembly. These results suggest that PRPH mutations may be responsible for a small percentage of ALS, cases and they provide further support of the view that neurofilament disorganization may contribute to pathogenesis.
Peripherin is a neuronal intermediate filament associated with inclusion bodies in motor neurons of patients with amyotrophic lateral sclerosis (ALS).
A possible peripherin involvement in ALS pathogenesis has been suggested based on studies with transgenic mouse overexpressors and with a toxic splicing variant of the mouse peripherin gene. However, the existence of peripherin gene mutations in human ALS has not yet been documented. Therefore, we screened for sequence variants of the peripherin gene (PRPH) in a cohort of ALS patients including familial and sporadic cases. We identified 18 polymorphic variants of PRPH detected in both ALS and age-matched control populations. Two additional PRPH variants were discovered in ALS cases but not in 380 control individuals. One variant consisted of a nucleotide insertion in intron 8 (PRPH IVS8 ؊ 36insA ), whereas the other one consisted of a 1-bp deletion within exon 1 (PRPH 228delC ), predicting a truncated peripherin species of 85 amino acids. Remarkably, expression of this frameshift peripherin mutant in SW13 cells resulted in disruption of neurofilament network assembly. These results suggest that PRPH mutations may be responsible for a small percentage of ALS, cases and they provide further support of the view that neurofilament disorganization may contribute to pathogenesis.
Amyotrophic lateral sclerosis (ALS)
1 is a common, usually fatal, adult onset neurodegenerative disorder characterized by degeneration of motor neurons in the cortex, brainstem, and spinal cord (1) . Dysfunction and death of these motor neurons lead to progressive muscle weakness, atrophy, and ultimately paralysis and death, usually within 3-5 years after disease onset (2) . The disease occurs in sporadic (SALS) and familial (FALS) forms with an estimated incidence of ϳ2 per 100,000. Although most cases of ALS are sporadic, some families demonstrate a clinically indistinguishable form of ALS with clear Mendelian inheritance and high penetrance (FALS). Mutations in the copper/zinc superoxide dismutase gene (SOD1), a ubiquitously expressed and highly conserved metalloenzyme, are responsible for ϳ15% of FALS (3, 4) . More recently, a second gene (ALS2) has been identified and has been associated to a recessive and juvenile onset form of the disease (5, 6) . The ALS2 gene is ubiquitously expressed, and it encodes a protein having multiple motifs with homology to guanine nucleotide exchange factor. To date, there are over 90 different missense mutations that have been reported (www.alsod.org) in the SOD1 gene and up to eight described mutations in the ALS2 gene (5-9). Transgenic mice overexpressing mutant SOD1 genes develop a neurodegenerative disease with many pathological features found in both familial and sporadic ALS (10 -12) . However, the mechanism by which mutant SOD1 induces motor neuron cell death remains unclear.
A hallmark of motor neurons in ALS is the presence of perikaryal and axonal inclusion bodies composed of intermediate filament (IF) proteins, namely neurofilament and peripherin proteins (13) (14) (15) . Neurofilaments, the major type of IFs expressed in adult neurons, are formed by the co-assembly of three type IV IF proteins, the neurofilament light (NF-L), neurofilament medium (NF-M), and neurofilament heavy (NF-H) subunits. Peripherin is a type III IF protein expressed predominantly in the peripheral nervous system with low levels detectable in spinal motor neurons (16 -18) . Peripherin expression is increased after neuronal injury (19, 20) . The peripherin gene (PRPH) comprises nine exons spanning a 3.5-kb region of chromosome 12. The full-length peripherin protein contains 471 amino acids. Peripherin shows similarity in sequence to proteins of the IF family. The IF proteins share a central rod domain comprising 310 residues characterized by the presence of coiled-coil ␣-helices (1A, 1B, 2A, and 2B) connected by short linkers. The rod domain is flanked by an N-terminal nonhelical head domain of variable length and a C-terminal tail domain tail, which is also non-helical with great length variation between different IF proteins.
Currently, it remains unclear to what extent IF abnormalities contribute to ALS pathogenesis. Codon deletions or inser-tions in the KSP phosphorylation domain of NF-H have been detected in a small number of sporadic cases of ALS, ϳ1% of total cases (21) (22) (23) . However, it is unknown how these NF-H variants might predispose to ALS. There is growing evidence for potential peripherin involvement in human disease. Overexpression of peripherin induced motor neuron disease in transgenic mice (24) , and it provoked the death of cultured motor neurons (25) . Moreover, an up-regulation of peripherin mRNA has recently been detected in a familial ALS case (26) . Under certain conditions, including in mice expressing a mutant form of superoxide dismutase linked to ALS, the mouse peripherin gene was found to produce a splicing peripherin species that is assembly-incompetent and toxic when expressed in cultured neuronal cells (26) . However, the involvement of peripherin in ALS has recently been called into question because neither up-regulation nor suppression of all peripherin isoforms had any effect on disease onset, mortality, and loss of motor neurons in mice expressing mutant SOD1 (27) .
To further examine the possible involvement of peripherin in ALS, we screened the peripherin gene (PRPH) for sequence variations in sporadic and familial ALS cases from North American and European origins. Out of 20 identified PRPH variants, two were detected only in ALS cases and not in age-matched controls. Of particular interest is the discovery of a PRPH frameshift deletion mutant, the expression of which disrupted neurofilament assembly in cultured cells.
MATERIALS AND METHODS
Patient and Control Samples-All patients were assessed by expert clinicians, and they gave written informed consent. Diagnosis of ALS was made according to El Escorial ALS diagnostic criteria (35) . The FALS panel comprised French (n ϭ 23) samples as well as FrenchCanadian (n ϭ 10) and North American (n ϭ 7) patients. The SALS sample set comprised French (n ϭ 95) and French-Canadian (n ϭ 54) samples. The FALS cohort exhibited a mean age of onset of 49 years, and the SALS cohort exhibited a mean age of onset of 56 years. Both SALS and FALS cohorts showed a mean disease duration of 4.5 years (see Table I ). An initial set of age-match control samples (n ϭ 95) came from non-ALS French individuals. Additional control samples were screened to increase to the power of our analysis and comprised another set of age-match French controls (n ϭ 95).
Variant Detection and Genotyping-DNA was extracted from whole blood and/or transformed lymphoblastoid cell lines using standard procedures. Primers were designed using Lazergene software and synthesized by Invitrogen. Thirteen overlapping primer pairs were designed from genomic DNA to amplify each intron and exon of the PRPH gene including the flanking splice sites and promoter as well of the 5Ј-and 3Ј-untranslated regions (see Fig. 1 ). Products were PCR-amplified, checked on agarose gels, and then sequenced using the forward primer for all of the amplicons. The PCR fragment sequence variations were also sequenced on the reverse strands. The PCR primer pair sequences will be given upon request.
Restriction Digest Analysis of Variants-Genotyping of the IVS1 ϩ 69G 3 C and IVS2 Ϫ 78A 3 C variants was performed by restriction enzyme digestion analysis. The presence of the IVS1 ϩ 69G 3 C and IVS2 Ϫ 78A 3 C variants creates new restriction sites, and amplified PCR fragments were digested with MboII and BamHI, respectively, to identify each of these two variations in the control population.
Statistical Analysis-We assessed differences in the distribution of each genotype between the groups (sporadic ALS, familial ALS, and control) by calculating the -square contingency test, from which we derived p values with one degree of freedom.
DNA Constructs-A 4.1-kb fragment was obtained by PCR amplification of the human PRPH gene. PCR was performed on DNA extracted from a patient blood sample by using PROOFSTART Taq (Qiagen) and the primers 5Ј-untranslated region, 5Ј-TGGGGCCTAAGCCAGGT-CAACTCT-3Ј and 3Ј-untranslated region, 5Ј-CTTTGAGCAGGC-CTAGGGCAGAGT-3Ј for 35 cycles at 94°C for 15 s, 58°C for 30 s, and 72°C for 3 min. PCR product was cloned using TOPO TA cloning kit (Invitrogen). The cloned PRPH PCR fragment was then subcloned into the expression vector pcDNA TM 3.1 (Invitrogen) between the NotI site and the HindIII site of the multiple cloning sites. The cloned PRPH PCR fragments were direct sequenced using the primers described above.
Transient Transfection Assays-Sw13vim(Ϫ) cells lacking cytoplasmic IFs were grown in Dulbecco's minimal essential medium (Invitrogen) supplemented with 10% v/v fetal bovine serum at 37°C and 5% CO 2 . The cells were transiently transfected using LipofectAMINE Plus (Invitrogen) as described in the manufacturer's protocol. One g of DNA from each of these constructs was used: peripherin mouse , peripherin 228delC , peripherin
. Human NF-L and rat NF-M described by Beaulieu et al. (28) were also co-transfected into the cells with each of the peripherin clones to investigate their co-assembly properties with the peripherin gene product.
SW13vim(Ϫ) cells grown on glass coverslips were fixed in 4% (w/v) paraformaldehyde in phosphate-buffered saline for 20 min and blocked for 1 h in 5% (w/v) bovine serum albumin, 0.1% Triton X-100 in phosphate-buffered saline at room temperature. Immunocytochemistry was performed using antibodies recognizing peripherin (monoclonal antibody MAB1527; polyclonal antibodies AB1530) and polyclonal antibodies to NF-L (AB1983) and NF-M (AB1982), all from Chemicon International, Inc., and used at 1:1000 diluted in blocking solution overnight at 4°C. Antibody recognizing vimentin intermediate filament from BD Biosciences (catalog number 550513) was used at 1:500. Antibody distribution was visualized by epifluorescence microscopy after incubation with secondary antibodies, anti-mouse or anti-rabbit IgG conjugated to Alexa Fluor 488 (green) or 594 (red) (Molecular Probes) diluted 1:250 for 2 h at room temperature and mounted in Prolong (Molecular Probes).
RESULTS
Genetic Screen of Peripherin Gene-DNA samples from 40 unrelated FALS cases (non-SOD1 and non-ALS2 cases) and 54 unrelated SALS cases were initially screened for peripherin sequence variations. Another set of samples from 95 non-related SALS cases was also examined to increase the power of our analysis when it was not possible to confirm or exclude association between PRPH and ALS. Clinical information of the studied ALS cohort is provided in Table I . A total of 20 sequence variations were detected within the peripherin gene (PRPH) of 189 ALS patients (Fig. 1A and Table II) . Seven sequence variations occurred within coding regions , and one occurred in the 5Ј-untranslated mRNA region. The remaining 12 sequence variants were found within introns or within the promoter region of the gene. Seventeen sequence variants consisted of single nucleotide polymorphisms. Of the remaining PRPH variants, one had a deletion of a single cytosine in exon 1, and two had a single nucleotide insertion of either guanine or adenine in the 5Ј-untranslated region and intron 8, respectively.
Of the seven variants occurring in the coding sequence (coding single nucleotide polymorphisms), three are predicted to result in amino acid substitution at residues that are highly conserved between human, mouse, and rat peripherin proteins. These variants are 25G 3 A (R9Q), 420G 3 T (D141Y), and 829G 3 A (A277T). Arginine to glutamine is a non-conservative change occurring in the N terminus head domain of the peripherin protein. Aspartic acid to tyrosine is also a nonconservative change substituting an acidic residue for a polar aromatic residue within the rod domain of the protein. The change of alanine to threonine at amino acid 277 within the rod domain is also a non-conservative substitution of a neutral amino acid for a polar residue. To test whether any of these three PRPH variants may be causative mutations or susceptibility factors for ALS, we compared the frequency of each variant in ALS patients versus normal controls. The variant Table II . None of the variant frequencies were found to be significantly increased in ALS patients when compared with the control population. However, we identified two additional variants that were not detected among the control population. One of these consists of a nucleotide deletion (PRPH 228delC ) resulting in a frameshift within the exon 1 and a premature stop codon (Fig. 2) . The predicted truncated protein of 8.8 kDA has 85 amino acids, the first 76 residues corresponding to the normal protein and the other extra 9 derived from the frameshift mutation (Fig. 1B) . The female ALS patient having this mutant PRPH died at the age of 65 years old after disease duration of 5 years that had started at the left proximal lower limb. The other insertion variant PRPH IVS8 Ϫ 36insA is unlikely to have a functional impact on the protein, albeit an effect on pre-mRNA processing cannot be excluded as the A insertion could affect the branch point during lariat formation or the transcript regulation.
Disruption of Neurofilament Assembly by Expression of Mutant PRPH
228delC -To test the effects of the two variants PRPH 228delC and PRPH IVS8 Ϫ 36insA on the assembly of IFs, we carried out transfection experiments with the cloned PRPH genes into SW13 cells that lack endogenous IF structures. We have subcloned the PRPH variant alleles into an expression vector driven by the cytomegalovirus promoter. As shown in Fig. 3 , single transient transfection of vectors expressing human NF-L, normal peripherin (mouse or human), or PRPH IVS8 Ϫ 36insA resulted in self-assembly of proteins into the typical IF network. However, single transfection of the vector for PRPH 228delC yielded only weak and diffuse anti-peripherin immunoreactivity in SW13 cells with the absence of the IF network (Fig. 3D) .
Since peripherin can co-assemble with NF-L (28) and it is co-expressed with neurofilaments in motor neurons, we investigated the effects of co-expression of the PRPH species with either neurofilament NF-L or NF-M proteins in SW13 cells. As expected, the co-expression of normal mouse or human peripherin with NF-L led to the formation of the typical filamentous network immunoreactive for NF-L and peripherin (Fig. 4, A and B). Similar results were obtained by co-transfecting the variant PRPH IVS8 Ϫ 36insA with NF-L (Fig. 4C) . However, the co-transfection of PRPH 228delC with human NF-L led to the disruption of the IF network (Fig. 4, D-F) . Note that the intensity of anti-peripherin immunostaining was much higher in the presence of NF-L than in the single PRPH 228delC transfection assay (Fig. 3D) , suggesting a stabilization of the mutant peripherin through interaction with NF-L proteins.
It is well established that the NF-M and NF-H proteins require the NF-L subunit for neurofilament network formation (28) . The co-transfection in SW13 cells of normal peripherin (mouse or human) with NF-M resulted in the formation of punctuate aggregates (Fig. 5, A and B) as reported previously (28) . This shows that although peripherin can interact with NF-M to form heteropolymers, the presence of NF-M prevents IF network formation. Similar results were obtained by coexpressing the PRPH IVS8 Ϫ 36insA variant gene with NF-M vector (Fig. 5C ). However, no IF protein aggregates have been detected in any SW13 cells after co-transfection of NF-M with the frameshift mutant PRPH 228delC (Fig. 5D) . A plausible explanation is that this may result from interference of NF-M oligomerization into high molecular weight complexes by interaction with the mutant peripherin consisting of the short Nterminal head region.
DISCUSSION
In this study, we have identified 20 PRPH variants in ALS cases, including three variants predicted to cause non-conservative amino acid changes and one frameshift deletion in exon 1. To assess the possible involvement of these variants in ALS, we compared the allelic frequency of each variant in populations of ALS patients versus controls and examined the cosegregation of the variants with disease status in families. Except for the two variants PRPH 228delC and PRPH
found exclusively in ALS cases, the data did not reveal significant frequency differences between ALS and control individuals for any of the other 18 variants (Table II) . We conclude that these latter PRPH variants represent polymorphisms that do not predispose to ALS. As for the PRPH IVS8 Ϫ 36insA variant identified in ALS but not in 380 control chromosomes, there is no evidence based on in vitro transfection assays that this variant had any effects on peripherin processing and assembly into the IF network (Figs. 3C, 4C , and 5C). Therefore, this sequence variation is probably a rare polymorphism.
In contrast, we obtained compelling evidence for the deleterious effects of the frameshift mutant PRPH 228delC . This mutation in exon 1 is predicted to cause a premature stop codon leading to a truncated protein comprising 76 amino acids of the peripherin head domain (Fig. 1B) . As expected, this truncated peripherin species that lacks rod coiled-coil sequences was un- able to self-assemble into IF structures (Fig. 3D) . It is somewhat surprising that this short peripherin head mutant in SW13 cells was able to disrupt NF-L assembly into IF network (Fig. 4, D-F) and to impede assembly of NF-M into oligomeric structures (Fig. 5D) . Although interactions of the peripherin N-terminal head domain with IF proteins have never been documented, studies with the yeast two-hybrid system on domain interactions of vimentin, another type III IF protein, revealed relatively weak interactions between the head domain and other vimentin regions (29) . However, it is generally agreed that the head domain of IF proteins is essential for filament assembly and that transient phosphorylation of the head domain inhibits neurofilament polymerization and IF network formation (30, 31) . Our observation of IF assembly disruption by the PRPH mutant expression in SW13 cells suggests that the detrimental effect of this mutation is likely related to a disorganization neurofilament network rather than to a 50% reduction of peripherin content resulting from the loss of one intact allele. Moreover, this would be in line with the observation that the peripherin knockout mice do not develop motor neuron disease (32) .
Compelling evidence for the involvement of neurofilaments in pathogenesis came from the recent discovery of neurofilament gene mutations linked to neurodegenerative diseases. Missense mutations and a 3-bp in-frame deletion in the NF-L gene subunit have been reported in patients with CharcotMarie-Tooth type 2 (33, 34) . Codon deletions and insertion in the KSP repeat region of the neurofilament NF-H gene (NEFH) have been detected in a small number of sporadic ALS cases, ϳ1% of total cases (21) (22) (23) . However, the functional consequences of these NEFH phosphorylation variants are unknown, and these variants are being viewed as risk factors for the disease.
Our discovery of a frameshift mutation in PRPH that can disrupt neurofilament assembly provides the first direct evidence for peripherin involvement in ALS, and it suggests that PRPH mutations may be responsible for a small number of ALS cases. So far, the pathways to neuronal death caused by neurofilament abnormalities remain unknown. Future studies with transgenic mice expressing this PRPH frameshift mutant might provide new insights into the molecular mechanisms of motor neuron degeneration.
